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ABSTRACT 
Microstructural variability I 1n 
reinforced aluminum composite was .investigated. Mechanical 
testing of the material resulted I 1n data with considerable 
scatter. Fractographic analysis was performed to determine 
the effect of particle density on the fatigue cr~ck growth 
response and fracture. toughness of the composite. 
The investigation revealed a trend towards ·faster 
fatigue crack growth rates in specimens ~ith higher particle 
densities. The relationship was not quantified due to 
i.nsufficient data. Howevert it is· apparent that the 
reinforcement particles provide a path of .easy crack 
propagation. 
Fracture toughness was found to be inversely 
proportional to particle density .. As with the -fatigue 
.speci.mens, the performance of a specimen depended on its 
original location within the extrusion billet. Specimens 
from the bottom of the billet generally produced higher 
fracture toughness values. The behavior of the material was 
found to be in agreement with a "brittle" variant of the 
Krafft model for fracture. 
Variability in particle density among the specimens was 
found to correspond to a reinforcement gradient in tne 
extrusion billets. This gradient was attributed to the 
manufacturing process. 
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I. INTRODUCTION 
Metal~matrix composites (MMC's) have become very 
important e-ngineering mater·ials in recent years. In 
particular, aluminum matrix composites have generated 
considerable interest. Aluminum alloys are popular due to 
their low density, easy formability, good corrosion 
resistance, and low cost [ lJ. The addition of nonmetallic 
reinforcements to these alloys produced increases in strength 
and modulus as well as improvements in wear resistance and 
el~vated temperature strength, improvements which were not 
possible through adjustments in alloy chemistry [2.-5]. A 
major advantage of these composites is that they offer 
properties similar to those of other high performance 
materials Such as titanium and graphite~epoxy, but ~ta much 
lower cost [6]. 
Within the field of MMC' s, discontinuously reinforced 
composites have emerged as an important contender in the 
marketplace. Most early development ef.forts focused on 
continuous flber reintorced composites. These have the 
disadvantage of being very expensive due to the high costs of 
producing the reinforcing fibers and fabricating the material 
into finished components. Another disadvantage is that they 
must be formed into "near net shapes" since they cannot be 
shaped by plastic forming. Discontinuously reinforced 
composites do not achieve the same strength levels as 
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continuously reinforced composites, but they can be processed 
conventionally and deliver improve.ct properties over 
unreinforced alloys at a lower cost. They are also useful in 
applications which. require isotropic properties! 
Reinforcements for discontinuously reinforc~d composites 
consist ·of fibers, whiskers, or particles. Of special 
interest are aluminum alloys reinforced with Sic or Al 2o3 
particles since th~y represent the lowest cost MMC's. 
Reinforcement contents of up to 45 vol% have been achieved, 
but a typical production composite ·contains 10 to 20 vol% 
reinforcement [ 2 , 3 ] . Potent i a 1 areas of a pp 1 i cat ion for 
these materials include aerospace, sports equipment, and 
automobile engines [3]. 
The material used in this study -represents a further 
step in improving cost effectiveness. One of the 
difficulties encountered in ·the fabrication of many ceramic 
reinforced MMC's is nonwetting of the ceramic by the molten 
alloy. This can result ih voids and re.inforcement 
segregation. In some other systems, reactivity is~ problem. 
In order to reduce reinforcement segregation and achieve a 
uniform distribution, ma,ny particulate re-inforced MMC' s are 
produced by powder metallurgy techniques [ 7] . Powder 
metallurgy overcomes the problem of nonuniform distribution 
by blending the alloy and reinforcement ·togethe_r as powders, 
and then pressing and. sintering the powder blend into a near 
3 
net shape. This _process is relatively complex. and expensive. 
Dural Aluminum Compos.ites Cqrporation (DACC) has developed a 
less expens.ive. process to overcome the distribution problem 
[ 6] . 
The DACC process marks a return to molten metal mixing 
as a fabrication method. for MMC.-s. This p;ocess allows DACC 
to take advanta.ge. of the lower costs of ingot metallurgy and 
commercially available 
. . . 
raw materials. As with earlier 
efforts at molten metal mixing., reinforcement particles are 
added to the molten alloy which is stirred to reduce 
segregation and settling [2,6,7]. The process is improved by 
a proprietary pre.treatment of the reinforcement. The 
pretreatment enhances the wettability of the cetamic 
particles while limiting reactivity with the melt. Particle 
settling is countered by casting in a water-chilled mold. 
Th~ resulting composite features a uniform particle 
distribution with minimal reaction products [6]. 
The benefits of MMC' s have not come without a price. 
Toughness, ductility, ~nd elongation tend to be inferior in 
the re·inforced alloy [2]. Fat,igue behavior of MMC' s is not 
yet well understood. Several groups have conducted fatigue 
studie-s· on Sic particulate reinforced composites, and they 
have found that the fatigue response ·of MMC' s can be either 
equal or inferior to that of the monolithic alloys [8~11]. 
Various factors have been investigated, including resistance 
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to fatigue crack initiation and. propagation, particle size, 
distribution, and volume frabtion, and type of interface. 
Recently, interest in aluminu;m matrix composites with 
Al 2o3 particulate reinforcement has increased. As with Sic, 
~lumina particles are inexpensive and readily available due 
to their wide use as abrasives. The chemical compatibility 
between the alumina reinforcement and the aluminum matrix is 
seen as a potential asset since the reactivity of sic with 
molten aluminum complicates the manufacturing process (6,12]. 
However, there is only a small body of work on Al 2 o3 
particulate reinforced aluminum matrix composites. 
Manoharan and Lewandowski (13] performed fracture 
toughness tests and in-sit.u deformation studies on a 6061 
aluminum alloy reinforced with 15 vol% alumina particles. 
Though they did not present any fracture toughness data, they 
reported that the load-displacement curves indicated that 
there was significant energy absorption during crack 
propagation. The in-situ deformation studies revealed 
microc;:racking in a region of intense plastic deformation 
ahead of and rtear the tip of the main crack. They refer to 
work by Kamat, et al [14], ~hich suggests that the size of 
the region of intense plastic flow is on the order of the 
interpart icle spacing. Manoharan and Lewandowski observed 
microcracking well outside this region, but they stated that 
their results are compatible with the Kamat model since the 
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main crack tended to link up with the microcracks when the 
distance between them was comparable to the interparticle 
spacing. 
One important consideration in any engineering material 
is its performance in it.s service environment. With 
monolithic materials, service lives are known ·to be shortened 
in corrosive environments [ 15] . The reinforcement/matrix 
interface in. MMC's are a potential source of troubl"er so it 
is important to understand how craok growth in MMC' s is 
affected by various environments. 
Another important consideration in engineering materials 
is consistency. A customer should be able to expect 
consistent performance within and among batches of a 
material. The development history of MMC' s indicates that 
reinforcement content is likely to be the greatest variable. 
Studies have been performed to examine the effect of particle 
size and volume fraction on fracture toughness in alumina 
particulate reinforced aluminum alloys. It is import~nt to 
also understand their effects on fatigue behavior. 
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II. OBJECTIVE AND SCOPE OF RESEARCH 
The intent of this research program was to I examine the 
variability in fatigue crack growth and fracture toughness in 
relation to the the distritution of the ceramic reinforcement 
phase in a metal matrix composite. For this study, a c·ast 
Al 2o3 particulate reinforced 2014-T6 aluminum alloy was used~ 
A companion work by Topur [16] revealed 6onsiderable 
variability in fatigue crack growth rates and fracture 
toughness among· specimens from the same extrusion billet. 
Observations of variability in this study led to an 
investigation of ·the effect of non-uniform particle 
distribution in the material. 
The objective of this research program was directed 
towards determining the source of ·variability found by Topur, 
and finding· a microstructural parameter which con·trols 
fatigue crack 
. . . . 
growth and fracture toughness. Research 
efforts were aimed at (1) quantification of particle 
distribution on fracture surfaces, (2) correlating fracture 
toughness and fatigue crack growth re~ponse with particle 
distribution, and (3) examinih~ the validity of the Krafft 
model for fracture [17]. 
To quantify parti·cle distribution, fractographic 
analysis of f~acture surfaces was performed in the scanning 
electron microscope. The resulting micrographs were analyzed 
for particle density and mean particle spacing. 
7 
For correlation between particle distribution and 
fracture behavior, mechanical test results tram Topur [16] 
were considered. These results were also used in an attempt 
to identify the Krafft process zone. 
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III. MATERIAL AND EXPERIMENTAL WORK 
A. Material 
The metal-matrix composite (MMC) used in this study i.s 
an Al 2o3 particulate reinforced 2014-T6 aluminum alloy which 
was prov·.ided by Dural Aluminum Composites Corporation of 
ALCAN International. Tensile properties, .chemical 
composition, and heat treatment are given in Table 1. The 
nominal reinforcement content was given as 15 vol%, and the 
nominal particle diameter was given as 9µm. Three extrusion 
billets were used to provide the material for this study. 
Each billet was extruded into a bar which was cut in half. 
Each of the I SlX half--bars was given an alphanumeric 
identification code (Table 2). The first letter in the· code 
indicates whether the half corresponds to the top (T) or 
bottom (B) of the billet. The second letter indicates which 
billet the bar was extruded from (~, a, or D). 
Typical microstructures. are shown in Figures 1-5. In 
these optical. micrographs, the alumina particles can be seen 
as the dark phase and the aluminum matrix as the surrounding 
white phase. 
B. specimens 
(i) Fatigue Crack Growth 
Fifty-four compact tension (CT) specimens were machined 
from the extruded bars for the fatigue crack growth 
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experiments. Each specimen was numbered according to the bar 
it was ~achined from, and its location within the bar (Table 
2) . Within each· bar, the specimen numbers increase towards 
the bottom of the extru.sion billet. The I specimens were 
oriented in the l_ongitudinal (LT) rolling direction. The 
dimensions of the CT specimens were designed to comply with 
ASTM Test Method E647 [18] and are shown ·in Figure 6. Face 
grooves 1.27mm de.ep were machined along the expected plane of 
crack growth in order to overcome a tendency towards out-of-
plane crack growth observed in preliminary studies [16]. 
{ii) Fracture ·Toughness -- C"T and WOL Specimens 
Some of the CT specimens not used for fatigue testing 
were U$ed for fracture toughness measurements. In addition, 
two wedge opening load (WOL) specimens were machined from one 
of the broken halves of each of the fatigue specimens in 
order to examine the variability in fracture toughrtess within 
and among the CT specimens (Figure 7). The dimensions of the 
WOL specimens complied with. ASTM Standard E-399 [19] and are 
shown in Figure 8. Each WOL specimen was numbered according 
to the CT specimen it was machined from, and was arbitrarily 
assigned an additional "A" or "Bl' designation to distinguish 
it from the other WOL specimen machined from the same CT 
specimen. 
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c. Test Procedure 
(i) Light Optical Microscopy 
Metallographic samples wer~ cut from compact tension 
specimens which were tested in fatigue. For each CT specimen 
examined, three samples were cut so that each of the rolling 
planes would be surveyed. The samples were mounted .in cold-
mou·nt epoxy so as not to affect the heat treatment of the 
matrix. The metal.l9graphic polishing procedure provided by 
DACC had to be modified due to proble~s with relief and the 
layout of the metallography laboratory. The resulting 
procedure- is given in Appendix I I I. 
The polished specimens were examined on a light optical 
microscope. No etchant wa.s 11sed. The micrographs were 
retarded on a Zeiss Axiomat optical microscope. 
(i~) Electron Microscopy 
Electron microscopy was performed on an Etec Autoscan 
scanning electron microscope (SEM) . Secondary electron (SE) 
imaging was used to examine the fracture surfaces. To assist 
in analyzing the secondary electron images, backscatter 
electron (BSE) images were also obtained to provide atomic 
number contr·ast. For BSE work, a 120° arc solid state 
backscatter detector was installed. The accelerating voltage 
was 2 OkV, and a condenser current a.f 1. 8 amps was used to 
provide sufficient probe current for BSE i.maging while 
minimizing degradation of spatial resolution. The 
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micrographs used for analysis were taken at 200X 
magnification with each micrograph • I covering an area of 
0 . 4 6mm X O • 4 6mm. All images were recorded on Polaroid Type 
55 film to provide negatives for enlargements and reprints. 
Three pairs of fatigue specimens tested in three 
different environments were selected for study. Each fatigue 
specimen was e~amined across its width at the crack length of 
interest. For each specimen pair, the crack lengths were 
Chosen by examining the fatigue crack growth plots (Figures-
9-11) and the oat a from Topur ["16] for crack lengths at which 
both specimens experienced the same Kmax level and at which 
the difference in fatigue crack growth rates was the 
greatest. Using a scan area of O. 4 6mm X O. 4 6mm at 200X 
magnification, the width of the fracture surface at the 
desired crack length was divided into twenty-two scan areas. 
Only the middle twenty scan areas w.ere used for fractog:i;aphy 
in order to avoid regions of plane stress (Figure 12) . Six 
of these areas were selected at random for electron 
microscopy to give a coverage of about 27% of the crack front 
at the desired Kmax level. 
For the WOL specimens, the region of interest was the 
onset of unstable crack growth as determined by the data in 
Appendix I I . The width of each specimen was divided into 
thirds with only the middle third being examined in order to 
avoid regions of plane stress. This middle third w~s divided 
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into four scan areas, with three chosen at random for 
examination to give a coverage of 23 % of the crack front 
.(Figure 13). 
(iii) Image Analysis 
The electron micrographs used for image analysis each 
represented a scan area of O. 4 6mm X O. 4 6mm. 
micrograph, an 8 X 10 inch enlargement was made. 
:For each 
Particles 
were ident"ified and marked on the enlargements of the SE 
micrographs using the BSE micrographs for assistance. The 
particles were counted with a hand tally counter. Six 
micrographs were analyzed for each fatigue specimen, and 
three micrograph~ were analyzed for each fracture toughne~s 
specimen. 
(iv) Particle Density and Spacing Calculations 
Particle density calculations were performed using the 
following equation: 
where 
-p - n/A 
~ - mean particle density 
n -: number qf parti_cles 
A - area of micrograph 
13 
( 1) 
Mean particle spacings were calculated using the following 
equation. [20]: 
d (A/n) 1/2 (2) 
-where d. = mean particle spacing 
n - number of particles 
A area of micrograph 
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IV. RESULTS 
A. optical Microscopy 
Typical optical micrographs from specimens 23 and 44 are 
shown in Figures 1-4. Specimen 23 corresponds to the bottom 
of billet A while specimen 44 was machined from material ·near 
the top of billet B (t!gure 14). The reinforcing particles 
. . 
are shown as a dark phase against the white background of the 
aluminum matrix. Micrographs representing each of the 
rolling planes exhibit an orientation of the reinforcing 
particles along the. extrusion direction (Figure 5) . The 
particles are irregular in shape. Comparison of specimens 23 
and 44 reveals a considerable difference in particle density 
~ith specimen 23 containing larger, and more widely spaced 
particles. 
particles. 
Specimen 44 shows a larger fraction of very fine 
Examinatlon of other metallographic samples 
indicated a trend towards greater particle size uniformity 
and lower p~rticle dens~ty in specimens which originated in 
the bottom half of the extrusion billet. 
B. Electron Microscopy Fatigue specimens 
Fatigue crack growth tests produced considerable scatter 
among specimens tested in vacuum, water vapor at 13.3 Pa, and 
water [16]. The mechanical test data is given in Appendix I. 
Two specimens each from these three test environments were 
selected based on the difference in their f'atigue crack 
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growth rates (Figures 9-11) . Scanning electron microscopy 
(SEM) was performed on the fracture surfaces of these 
I 
spec_1mens. In order to resolve difficulties with particle 
identification on the sec.ondary electron (SE) images, 
backscatter electron. (BSE) imagtng wa~ used to take advantage 
of atomic number contrast between the alumina and the 
aluminum alloy _matrix. Analysis was to have bee~ performed 
on the BSE images. However,- the geomet~y of the BSE detector 
produced considerable topogr·aphic contrast with deep shadows, 
so the BSE micrographs. we·re used only as an aid in analyzing 
the SE micrographs. 
Representative SE and BSE micrographs are shown in 
Figures 15-18. Failure appeared to have occurred primarily by· 
particle fracture but mating surfaces were not available to 
confirm this obseryation. The fracture surface h~s a brittle 
appearance. In the BSE images, th~ alumina particles appear 
darker than the the matrix due to the lower average atomic 
number of the alumina compared to the aluminum alloy. The 
BSE images appear to show a greater particle density in 
specimens from the top half of the extrusion billet. 
Particle density measurements were made ·from the 
analyzed SE mic.rograph!? and mean particle spacings were 
calculated. ,:Table 3 shows the relative locations of the 
selected scan areas along the crack front for each specimen. 
The data are presented in Table 4. Patticle count data. are 
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presented I 1n Appendix IV. For each of the three test 
environments, a greater particle density corresponded to a 
faster fatigue crack growth rate and a lower fracture 
toughness. Particle densities were generally higher in 
specimens from the top of the extrusion billets. Particle 
counts across a single spe·cimen varied by as much as a factor 
of two, suggesting a nonuniform particle distribution. 
C. Electron Microscopy 
Specimens 
Fracture Toughness 
Fracture toughness specimens for SEM analysis were 
selected to examine variability of fracture toughness and 
particle density within a fatigu.e test specimen and between 
the top and bottom halves of the extrusion billets. The 
mechanical test data is given in Appendix II. Table 5 shows 
the relative locations of the selected scan areas along the 
crack front for each specimen. Representative SE and BSE 
micrographs are shown in figures 19-22. The fracture surface 
morphology appears to consist of mostly fractured particles 
surrounded by brittle-looking matrix r~gions. Again, mating 
surfaces ·were ·not available to confirm the apparent mode of 
particle failre. At higher magnifications, small microvoids 
are visible in the matrix material, indicating that ductile 
yie~ding occurred. As with the fatigue specimens, the BSE 
images appear to show a greater particle density in specimens 
from the top halves of the e~trusion billets~ 
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Particle density and mean particle spacing data are 
presented in Table 6. 
Appendix V. This 
Particle count data are presented in 
set of data indicates an inverse 
relationship between fracture toughness and particle density. 
Variability in particle count across individual specimens was 
not as great as wit'h _the fatigue specimens. In addition, 
particl~ coµhts were two t6 six times higher than those from 
the corresponding fatigue specimens. 
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V. DISCUSSION 
A. Effect· of Particle Density on Fatigue crack 
Growth Rate 
The data in Table 4 shows a relationship between 
particle density and fatigue crack growth rate. In each of 
the three test environments, a greater particle density 
corresponds to a faster fatigue crack growth rate. The type 
of relationship could not be determined because only two data 
points exist for each environment. No attempt was made to 
Characterize the effect of each environmertt on fatigue crack 
growth response due to the appa~ent variability in material. 
The body of literature on fatigue of Al 2o3 reinforced is 
very limited. However, several fatigue studies were 
performed on S-iC particulate reinforced aluminum composites. 
Shang, Yu, and Ritchie [22] examined a powder metallurgy 
(?/M) Al-An-Mg~cu alloy containing 20 vol% coarse or fine Sic 
particles. They found that at lower stress intensity ranges, 
fatigue crack growth rates were faster in the composite 
containing fine particles. This was attributed to the lower 
levels of closure :measured in the fine particle composite. 
They also concluded that a_t. high stress intensity .rangesr 
fatigue crack growth resistance was better in composites with 
coarse particle distributions because of more effective 
ligament bridging. This was due to the larger size of the 
particles available for cracking ahead of the crack tip. 
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Soon after, Shang and Ritchie published another paper on 
Sic particulate reinforced P/M Al-An-Mg-Cu composites [11]. 
In this study, they tested composites. containing 15 vol% and 
20 vol% of both fine and coarse particles. Again, at lower 
stress intensity rapges, fatigue crack growth rates were 
f~ster, and closure levels were measured to be lower for the 
composites containing fine particles. No effect of volume 
fracti.on was observed, and particle distributions were 
uniform. 
The study by Arone, Botstein, and Shpigler [9] included 
fatigue testing. They did .not publish fatigue crack growth 
rates, but reported the results of their fractographic 
investigation. In the composite with poor interfe1cial 
bonding and a nonuniform particle distribution, they found 
large clusters where failure occurred by interface 
separation, and these regions were surrounded by rough 
striation patterns. By Gontr~st, the composite with good 
bonding and uniform particle distribution showed mostly fine 
striation patterns and particles which were enveloped by 
matrix material. Striations in the matrix spots (regions of 
low particle density) were usually parallel to the general 
direc~ion of crack growth, indicating that crack propagaticin 
occurred laterally across these areas in the wake of the main 
crack front. From this, they concluded that the nonuniform 
particle distributions resulted in poor fatigue crack growth 
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resistance because the crack front could easily find paths 
which would avoid matrix spots·~ 
Such analysis was not possible in this study due to the 
absence of striation patterns in the matrix material. 
However, earlier work suggested that the reinforcement 
particles did provide a path of easy crack propagation [23] ~ 
Particle area fraction measurements were made on fractographs 
from three of the fatigue specimens .and on one optical 
micrograph from one of the _fatigue specimens. The particle 
area fraction on the optical micrograph was measured to be 
0.24, while the corresponding fractographs generated a mean 
area fraction of Oi37. Because only one optical micrograph 
was examined, it is not statistically significant, but the 
one measurement did fall outside the 95% confidence interval 
for the mean area fraction of the fatigue specimens. It is 
clear that as particle density increases, the p:r;-obabil_ity 
that the crack front will encounter a particle increases, 
resulting in crack growth behavior similar to that in the 
regions of high particle density 6bserved by Arone, et al 
[9]. Further fractographic investigation of the DACC 
material is recommended to determine the nature of the 
interaction between the crack front and the alumina 
particles. 
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B. Effect of Particle Density on Fracture 
Toughness 
The data in Table 6 indicates an I inverse relationship 
between particle density and fracture toughness. A similar 
result was obtained by Kamat, Hirth, and .Mehrabian [14]. In 
their study, tension and mode I fracture toughness t~sts were 
performed on 2014-0 and 2024-0 aluminum alloys containing 
different volume fractions a_nd sizes of alumina particles. 
They found that for both matrix alloys, Kra was inversely 
proportional to the volume fraction of alumina reinforcement 
I for a constant particle size. Flom and Arse·nault [24] 
published similar results for an 1100 aluminum alloy 
containing various size distributions of Sic particles. 
The mechanisms by which pa.rt icul.ate reinforcements 
affect the mechanical properties of MMC' s are not well 
understood. Arsenault, Feng, and Shi [ 25] stu·died the 
dislocation density in aluminum alloys with varying SiC 
particle volume fractions~ A three-dimensi.onal-elasto-
plasti.c-f inite-element mode.l was used to determine the 
magnitude of plastic zones around the Sic particles and the 
reaction of the plastic zones when heated specimens were 
cooled. They found that plastic deformation was more 
localized in the specimens with higher reinforcement volume 
fractions, and that the dislocation densities were greater 
near the fracture surfaces. The plastic zones around the Sic 
particles were determihed to be the result of the different 
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coefficients of thermal expan~ion of the matrix and 
particles. From the finite element model, the plastic zones 
were found to extend about one particle diameter from the 
edge of each particle, and they were observed to expand when 
an external .stress was applied. ·They concluded that in 
regions of high particle concentration, overlap of the 
plastic zones could gerterate a region of intense plastic flow 
under an applied tens~le stress. Using this plastic zone 
model and the microcracking model f ram Manoharan and 
Lewandowski [13], it can be seen that increased particle 
density provides paths of easy crack propagation. The 
smaller interparticle spacing associated with increased 
particle density increases the p~obability that the plastic 
zones around particles will overlap which, in turn, increases 
the number of potential micr.ocracking initiation sites. The 
smaller sp~cing also means that there is a greater 
probability that the microcra.cks will be able to link up, 
resulting in larger increments of crack growth, and thus, 
lower fracture toughness. 
C. Role of Reinforcement Particles 
The fracture data from Topur [16] and the particle 
density data gathered for this study indicate that the 
reinforcement particle cont·ent plays a role in determining 
the fracture toughness of the material. Three models were 
suggested by 1opur to qu~ntify this relationship: Hahn and 
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Rosenfield [ 2 6] , and two .· I versions of the Krafft model 
[16,17]. 
Hahn and Rosenfield [26] based their model on a failure 
c ri te.r ion proposed by Rice and Johnson [ 2 7 ] . The criterion 
1: 
states that crack extension occurs when the si~e of the 
region of large plastic strain in the crack tip plastic zone 
is comparable to the width of the unbroken ligaments 
separating cracked particles. Hahn and Rosenfield expressed 
th~ plane strain fracture toughness of the material in terms 
of the volume fraction and diameter of the second phase 
particles to produce the following equation [28]·: 
(3) 
where O'ys - Yield Stress 
E - Modulus of Elasticity 
D - Particle Diameter 
fv - Reinforcement Volume Fraction 
Using a nominal alumina particle diameter of 9µm and volume 
fraction -of 15 vol%, this model predicts a fracture toughness 
of 36 MPa~m! This value is nearly double the values measured 
by Topur [16]. The model assumes a linearly elastic-
perfectly plastic material and does not represent true 
materi~l beha~ior. 
The Krafft model [17] assumes that the fracture process 
consists of tensile rupture of small elemental fracture cells 
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lying along the crack front, and that these cells act as 
coherent ductile ligaments. The model states that fracture 
occurs when the strain in the ligament ahead of the crack tip 
is equal to the smooth bar tensile strain. K~afft equat~d 
the tensile instability distance dT, a material c-onstant, 
with the particle spacing and named it the "process zone 
size . '' The relation between the plane strain fracture 
toughness and the process zone size is given by [17]: 
where 
R~arrangement produces: 
1/2 
- En (27tdr) 
E - Modulus of Elasti~ity 
n = Strain Hardening Coefficient 
dr - Process Zone Size 
2 dr - (1/27t) (K1c/En) 
( 4) 
( 5) 
Using estimated st~ain _hardening coefficients of 0.1 to 0.2 
[2 8] and .measured fracture toughness values between 17 and 
2 6 MPa°'1m, the model suggests a maximum process zone size of 
lµm [ 16] . This is an order of magnitude smaller thart the 
measured particl·e spacings. This discrepancy may be the 
result of the assumption of a ductile fracture mode. 
To account for brittle behavior, the strain hardening 
exponent was replaced with the fracture st;:.rain Et to produce a 
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"brittle" variant of the Krafft model. [16]: 
(6) 
Rearrangement produces: 
(7) 
With this model, Topur [.16] had ~stimated the process zone 
size to be between 12 and 112µm using a fracture strain of 
1 to 2% . 
' 
and fracture toughness values between 17 and 
26 MPa'1m. It was reasoned that these pro.cess zone sizes 
corresponded to the spacings of particle clusters rather than 
individual particles. However, by using a fracture strain of 
2. 5 % , reflecting a possible 2 0 % oifference between the 
macroscopically measured elongation and the actual strain in 
a ligament ahead of the crack tip, the model predicted 
process zone sizes of 9 to 14µ~ for the specimens used in 
this st utjy. This is. in close agreement with the measured 
pa~ti.cle spacings (Table 6.). The agreement with the b~~ttle 
variant of the Krafft model is. clearly illustrated in a plot 
of fracture toughness versus the square root of the measured 
particle spacings for the WOL .. specimens (Figur~ 23). ·The 
data are seen to be consistent with equation 6, which is 
represented by the straight line with a slope of 6140 MPa. 
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D. source of variability in Particle Density 
The results of this study clearly indicate a 
relationship between particle density and fracture toughness, 
and a variability I 1n reinforcement content among the 
specimens. Figure 14 shows the relative locations ~ithin the 
extruded bars (and the extrusion billets) of each specim~n 
used in this study. Mean particle density was plotted 
against relative specimen location for the CT and WOL 
specimens (Figures 24, 25) . Both plots show a general 
increase in particle density towards the top of the extrusion 
·billets. Optical metallography provided early evidence of 
this top to bottom variability in particle density 
(Figures 1-4). 
Studies of processing variables i.n the production of 
ceramic particulat~reinforced aluminum alloys report that 
.particle segregation can be caused .by dendrite pushing and 
density differences between the alloy and the ceramic [2, 5]. 
Ne-i ther of these phenomena could account for the observed 
·particle distribution. T.he particle density data shows a 
greater density of particles in th~ top half of each billet .. 
The data is supported by quality control tests per£ormed on 
two ~pecimens sent back to DACC {29]. Volume fractions in 
sp€cimens 23 (bottom) and 44 (top) were found to be 14.8 vol% 
and 17.5 vol%, respectively. By contrast, dendrite pushing 
would result in segregation at the core of the pillet, while 
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density differences dictate that the alumina particles should 
sink. 
Di$cussions with DACC suggest that the problem is caused 
by inadequate agitation of the melt in the ladle. The DACC 
process involves adding the reinforcement particles to the 
melt which is agitated by a stirrer. The agitation is 
controlled to avoid aeration and cavitation of the melt. The 
m~lt is then cast in a water~cooled mold. The result of this-
study and the quality control test suggest ·that the particles 
are settling in the ladle due to insufficient agitation. 
Since the melt is pou:r;-ed from the top of the ladle, the 
particle-rich melt at the bottom of the ladle is poured last, 
and therefore ends up at the top of the billet. 
In the study by Topur [ 16], a plot of fatigue era.ck 
growth rate versus Kmax ;for specimens from the tops of the 
extrusion billets was compared to a similar plot for 
specimens from the bottoms of the extrusion billets 
(Figure 26). rhese plots showed that while the fat4gue crack 
growth rates at a given Kmax level were faster in the 
specimens from ·the tops of the extrusion billets, the data 
for these specimens were more tightly grouped than those for 
the specimens from the bottoms. Because of t"he relation 
between fatigue crack growth r~te and particle density found 
in this study, it was expected that the lower variability in 
fatigue crack growth rate among the top specimens would be 
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reflected in a lower variability in measured partitle 
density. However, the data from this study do not appear to 
su_pport this proposal, as evidenced by the 95% confidence 
intervals plotted in Figure 24. 
this variability is recommended. 
Further investigation of 
E . Relation of Particle Density Measurements to 
Fracture Mode 
Particle density measurements from the fatigue specimens 
were roughly half the values measured on the fracture 
toughness specimens. To investigate this, plastic zone sizes 
were calculated. For the fracture toughness test specimens, 
the plastic zone size was calculated using: 
where 
2 
r 1 p = ( 1/37t) (Krc/Oys) 
r 1p - Plane Strain Plastic Zone Size 
Krc - Plane_ Strain Fracture Toughness 
( 8) 
The resulting values ranged from 148 to 238µm. This i·s an 
order of magnitude greater than the mea.sured particle 
spacings (Table 6). Thus, the plastic zone engulfed many 
particles at the onset of unstable crack growth in the WOL 
specimens. The relatively stiff particles tend to fracture 
in the. plastic zone due to the constraint placed on them by 
the strong interfacial bond [4]. The large number of 
fractured particles increases the probability that the crack 
will wander in and out of the initial crack plane tb find the 
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path of least resistance. Thus, it is reasonable that the 
fracture toughness specimen particle spacings measured in 
this study are smaller than the theoretical particle spacing 
of 16. 9µm (Table 6, Appendix VI) since these measurements 
represent the projected I spacings on two-dim~nsional 
fractographs rather than the actual particle spacings. 
For the fatigue test specimens, the cyclic plastic zone 
size was calculated using the following equation: 
where 
( 1 / 37t) (AK./ 2CJys) 2 
rrPc - Cyclic Plastic Zone Size 
AK - Stress Intensity Factor Range 
CJys Yield Stress 
(9) 
The calculated plastic zone sizes ranged from 16 to 33µm for 
AK values of 12 to 17 MPa~m. These values are similar to the 
measured particle spacings (Table 4) and are an order of 
magnitude smaller than the plastic zones at the onset of 
unstable crack growtp in the WOL specimens. Thus, the 
probability that the crack will encounter a particle is lower 
compared to that in ·the _fracture toughness specimens. In 
addition, the average length of crack extension per loading 
cycle was smaller than the mean particle spacing (Table 4, 
Figures. 9-11). Since fatigue crack growth occurs by a 
plastic deformation process, a fatigue crack will tend to 
avoid the relatively stiff particles rather than seek them 
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out as an unstable crack will. Thus, the particle spacings 
from the fatigue specimens are lower tl).an those from the 
fracture toughness I specimens. Nevertheless, a particle 
fractured by the cyclic plastic zone does provide a path of 
ea~y crack -growth, and the· frequency of this occurrence 
increases with greater particle density. As a result, the 
fatigue. crack growth rate is directly proportion~! to the 
particle density. 
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VI. CONCLUSION 
This research effort was undertaken to study the role of 
reinforcement content on the fatigue crack growth behavior 
and fracture toughness of an Al 2o3 particulate reinforced 
aluminum composite. 
Fatigue crack growth rate was found to be directly 
proportional to particle density·. Other studies have 
indicated that resistance to fatigue crack growth is provided 
by regions of low particle density. In composites with 
greater re inf orc.ement content, resistance to fatigue crack 
growth is lower because there a~e fewer areas of low p~rticle 
density. 
Fracture toughness was found to be inversely 
proportional to particle density. The behavior of the 
~aterial in this study was found to be in good agreement with 
t_he brittle variant of the Krafft mod~l for fracture. As 
particle density increases, mean particle spacing -and process 
zone size decrease, with the result that lower loading is 
required to reach rupture strain in the unbroken ligament 
ahead of the crack tip. 
The variability ·of particle density in the specimens 
used in this study and the study by Topur [16] was deter~ined 
to be the result of a reinforcement content gradient in the 
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extrusion billets. 
th~ casting method. 
The gradient is apparently produced by 
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Table 1 
Chemical Composition, Heat Treatment, and Tensile Properties 
of a 15 vol% AliQ~ Reinforced 2014-T6 Aluminum Alloy 
Chemical Composition, weight Percent 
Si 
0.8 
Cu 
4.4 
Mn 
0.8 
Mg 
0.5 
Heat Treatment 
Al 
93.5 
Solution heat treated at 500°C for 1.5 hours. 
Cold. water quenched to room temperature within 
15 seconds 
Art if icial.ly ag.ed at 160°C for 16 hours and 
air cooled. 
Tensile Properties 
Yield Tensile Young's Elongation 
Strength Strength Modulus ( % ) 
(MP a) (MPa) (GPa) 
base alloy 460 511 75 10.3 
composite 484 512 98 2.0 
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Bar No. 
167T-A 
167B-A 
167T-B 
167B-B 
167T-D 
167B-D 
Table 2 
Location of the Compact Tension <CT) 
Specimens in the Extruded Bars 
Specimen location 
A B C D E F G 
7 8 9 10 11 12 13 
16 17 18 19 20 21 22 
41 42 43 44 45 46 47 
50 51 52 53 54 55 56 
59 60 61 62 63 64 65 
68 69 70 71 72 73 74 
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H J 
14 15 
23 24 
48 49 
57 58 
66 67 
75 76 
w 
m 
I 
specimen 
number 
13 
23 
24 
44 
42 
48 
1 
X 
X 
X 
X 
Table 3 
Locations ,of Selected Scan Areas Along the Crack Front 
for the Fatigue {CT) Specimehs 
Scan Area 
2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 
X X X X X 
X X X X X 
X X X X 
X X X X X 
X X X X X 
X X X 
17 18 19 20 
X 
X X 
X X 
Table 4 
Particle Density Data for Fatigue Specimens 
Test Condition 
vacuum water vapor at water 
13.3 Pa 
I 23 44 24 42 13 48 specimen 
number Bottom Top Bottom Top Top Top 
L\K 16 16 17 17 12 12 
(MPa..../m) 
da/dN 1.41 9.96 0.31 10.24 0.08 0.18 
(Um/eve) 
mean 3590 4540 2330 4210 3010 3420 
particle 
density 
(p/mm2 ) 
std. dev. 543 451 639 1235 415 177 
mean 16.8 14.9 21.2 15.9 18.3 17.1 
particle 
I 
spacing 
(Um) 
plastic 29 29 33 33 16 16 
I 
zone size 
(Um) 
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Table s 
Locations of Selected Scan Areas along the 
Crack Front for the Fracture Toughness <WOL} Specimens 
Scan Area 
Specimen 1 2 3 4 
number 
17A X X X 
23A X X X 
24A X X X 
24B X X X 
42A X X X 
42B X X X 
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Kc 
( MPa"-lrn) 
mean 
particle 
density 
(p/rnrn2) 
std. dev. 
mean 
particle 
I 
spacing 
(Um} 
dT (µrn) 
plastic 
I 
zone size 
( Urn) 
Table 6 
Particle Density Data For 
Fracture Toughness (WOL} Specimens 
Specimen Number 
17A .. 23A 24A 24B 42A 
Bottom Bottom Bottom Bottom Top 
18.4 22.9 21.6 22.6 21.7 
8720 6360 7760 6210 6590 
1101 554 580 288 1110 
10.8 12.6 11.4 12.7 12.4 
9 14 12 14 12 
153 238 211 231 213 
39 
42B 
Top 
18.1 
12460 
322 
9.0 
9 
148 
a) 
b) 
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Figure 1: Unetched optical micrographs from CT 
specimen 23; bottom of billet. 
a) Plane normal in longitudinal direction. 
b) Plane normal in transverse direction. 
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Unetched optical micrographs from CT 
specimen 23; bottom of billet. 
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a) Plane norm~l in longitudinal direction. 
b) Plane normal in transverse direction. 
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Figure 2: Unetched optical micrograph from CT 
specimen 23; bottom of billet. 
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Figure 3: 
150 µm 
I I 
Unetched optical micrographs from CT 
specimen 4 4 ;· top of billet. [ 21] 
a) Plane normal in longitudinal direction. 
b) Plane normal in transverse direction. 
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Figure 4: Unetched optical micrograph from CT 
specimen 44; bottom of billet. [21] 
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Figure 4: Unetched optical micrograph from CT 
spe.cimen 44; bottom of billet. [21] 
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s 
0.05 mm 
Figure 5: Unetched optical micrograph depicting the 
microstructures of the three rolling 
planes. [21] 
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. Figure 6: Compact te~sion (CT) specirnen for fatigue 
test ing . [ 1 6 ] 
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Figure 7~ Location of the wedge opening loa4 (WbL) 
specimens machined from the broken CT 
specimens. (16] 
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I! / ii = fracture surface 
II = SEM scan area 
Direction of 
crack growth 
Figure 12: Typical SEM sca.n area ·on CT specimen 
fracture surface .. 
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Figure 13: Typical SEM scan area on WOL specimen 
fracture surface. 
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BOTTOM OF BILLET 
Figure 14: Locations of tested specimens within the 
extruded bars with ·respect to the top and 
bottom of the extrusion billets. 
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a) 
b) 
Figure 15: 
75 µm 
I I 
75 µm 
I I 
Matching secondary (a) and backscatter (b) 
electron fractographs of fatigue specimen 
24; bottom of billet. Arrow indicates 
direction of crack growth. 
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Figure 15: 
75 µm 
I I 
I 
75 µm 
Matching secondary (a) and backscatter (b) 
electron fractographs of fatigue specimen 
24; bottom of billet. Arrow indicates 
direction of crack growth. 
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Figure 16: Secondary electron micrograph of specimen 
24; bottom of billet. Arrow indicates 
direction of crack growth. 
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Figure 16: Secondary electron micrograph of specimen 
24; bottom of billet. Arrow indicates 
direction of crack growth. 
ss· 
75 µm 
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b) 
75 µm 
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Figure 17: Matching secondary (a) and backscatter (b) 
electron fractographs of fatigue specimen 
42; top of billet. Arrow indicates 
direction of crack growth. 
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µm I 
75 µrn 
I b) 
Figure 17: Matching secondary (a) and backscatter (-b)· 
electron fractographs of fatigue specimeti 
42; top of billet. Arrow indicates 
direc~ion of cratt growth. 
··S::G 
H 
Figure 18: Secondary electron micrograph of specimen 
42; top of billet. Arrow indicates 
direction of crack growth. 
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Secondary electron 
42; top of· billet. 
direction of crack 
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Figure 19: 
µm I 
75 µm 
I I 
Matching secondary (a) and backscatter (b) 
electron fractographs of WOL specimen 24B; 
bottom of billet. Arrow indicates 
direction of crack growth. 
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Figure 19 : 
µm I 
I 
7 5 µm 
Mat c hin g seconda ry (a ) a nd bac k sca tter (b ) 
e l e ctro n fr ac t o graph s o f WOL spec ime n 2 4B ; 
b ott om o f bill e t. Arro w indi cat e s 
directi o n o f c r a c k g r owt h. 
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Figure 20: Secondary electron micrograph of WOL 
specimen 24B; bottom of billet. Arrow 
indicates direction of crack growth. 
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15 1 
Figur e 20 : Secondary e lectron micrograph of WOL 
specimen 2 4B; bott om of billet . Arr o w 
indicat es directi o n of crack growth. 
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Figure 21: 
75 µm 
I I 
75 µm 
I I 
Matching secondary (a) and backscatter (b) 
electron fractographs of WOL specimen 42B; 
top of billet. Arrow indicates direction 
of crack growth. 
60 
a) 
b) 
Figure 21: 
7 5 µ.m 
I I 
7 5 µ.m 
I I 
Matching secondary (a) and backscatter (b) 
electron fractographs of WOL specimen 42B; 
top of billet. Arrow indicates direction 
of crack growth. 
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Figure 22: Secondary electron micrograph of WOL 
specimen 42B; top of billet. Arrow 
indicates direction of crack growth. 
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Figu re 22: Secondary e lectron micrograph of WOL 
specimen 42B; top of billet. Arrow 
indicates direction of crack growth. 
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Figure 23: Fracture toughness vs. 95% confidence 
interv~ls for square root of mean particle 
spacing for WOL specimens with equation 
line for brittle variant of Krafft model 
superimposed; s·lope = ·6140 MPa. 
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APPENDIX I 
DATA FOR THE COMPACT TENSION 
(CT) SPECIMENS [16] 
Ppop-in Pmax ameasured acorrected 
(10 2 N) (10 2 N) (mm) (mm) 
42. 2 6 30.07 
41.63 42. 08 27.20 27.57 
67.38 20.68 
..5-2 • 8 4 31.09 27.28 27.60 
53.8 25~44 
54.05 28.52 --·-
56.38 23.34 
4 9 .. 0 9 25.30 
40.65 40.65 27.48 
40.79 40.79 2H.17 
44.48 31.44 
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Kc 
(MPa"1m) 
21.9 
18.2 
19.5 
23.6 
20.4 
25.0 
1B.9 
18.5 
17.5 
18 .. 4 
25.6 
APPENDIX II 
DATA FOR THE WEDGE OPENING LOAD 
(WOL) SPECIMENS [ 1 6 ] 
Specimen Ppop...;in Pmax ameasured acorrected Kc 
(10 2 N) (10 2 N) (mm) (mm) (MPa~m) 
02-A 13.83 14.13 17.5 
02-B 18.19 19.13 11.74 11.85 19.1 
10-A 19.90 20.37 11.91 12.25 21.1 
10-B 17.61 18.95 11.82 12. 2 9 19.7 
11-A 17. 92 18.90 12.02 12.48 20.1 
11-B 18.37 19 .26 11.92 12.15 19.8 
13-A 18.9 19.88 11.83 12.40 20.9 
13-B 19.44 20.99 11.45 11.98 21.2 
17-A 13.83 14.50 18.4 
17-B 19.44 21.22 11.60 12. 50 22.6 
18...,A 17.93 19.84 12. 30 13.00 22.2 
18-B 17.61 18.73 12 .35 12.74 20.4 
19-A 19.94 21.75 11.64 12. 2 9 21.7 
19-B 17.57 18.55 12.37 11.65 19.8 
20-A 19.04 20.82 11.70 12. 2 9 21.7 
20-B 22.46 2.4.24 11.30 11.65 23.8 
22-A 15.70 16.64 12 .. 88 12.98 18.6 
22~B 20.10 21.39 11.80 11.94 21.6 
23-A 18.82 20.28 11.93 13.08 22 .. 9 
23-B 19 .2 6 20-. 37 12.00 12.67 22.0 
24-A 19.48 ·21 . 5 7 11.63 11.88 21.6 
24-B 20.42 21.75 11.63 12.24 22.6 
70 
Specimen 12pop-in Pmax ameasured a corrected Kc 
(10 2 N) (10 2 N) (mm) (mm) (MPa'1m) 
42-A 20.28 21.35 11.80 12.04 21.7 
42-B 17.97 17.97 11.92 18.1 
44-A 18.73 19 ."88 11.58 11.82 19.8 
44-B 17.61 18.73 11.85 12.11 19.2 
47-A 18.82 20.51 11.92 12.43 21.9 
'· 4 7-B 18.10 19.70 11.79 12.29 20.5 
48-A 18.55 19.39 11.67 11.90 l.9.5 
48-B .19.26 20.91 11.69 12.03 20.2 
53-A 19.17 20.24 11.72 11.87 20.3 
53-B 22.55 23. 62 11.52 11.99 23.9 
54-A 18.68 18.68 11.99 12.00 18.9 
54-B 21.35 22.82 11.39 11.84 22.8 
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APPENDIX III 
PROCEDURE FOR MANUAL METALLOGRAPHIC POLISHING OF 
Al203-ALUMINUM COMPOSITES 
IMPORTANT: Ultrasonically clean .specimens ):)etween each 
grinding and polishing step. 
GRINDING 
Grind specimen on dry SiC paper mounted on flat surface. 
Use medium hand pressure in straight, long strokes away from 
the body. Proceed through 180, 240,. 320, 400, and 6-00 grit 
papers, rotating sp~cimen 90° b~tween grinding steps. 
INTERMEDIATE POLISH 
Polish by _hand on Selvyt cloth mounted on a glass plate 
using heavy ha~d pressure. Move the specimen in a 
counterclockwise motion at a speed of about two revolutions 
per second. Proceed through 6µm and 3µm diamond paste using 
Metadi fluid as an extender. Check specimen for removal of 
.scratches each minute, allowing up to three minutes for each 
grade of diamond paste. 
Polish by hand on woven nylon cloth mounted on a glass 
plate using lµm diamond paste and Metadi fluid with medium 
hand pressure. Polish for one minute, again using a 
counterclockwise motion at two revolutions p~r second. 
FINAL POLISH 
Pour about one tablespoon Cer-Cro suspension on napped 
cloth wheel. Without turning on the motor, move the specimen 
counterclockwise around the wheel using light hand pressure 
at two revolutions per second. Add some water to the wheel 
if necessary. Polish for 40~60 seconds. 
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APPENDIX IV 
PARTICLE COUNT MEASUREMENTS FROM 
THE FATIGUE (CT) SPECIMENS 
Test 
Condition Vacuum Water Vapor Water 
Specimen 
Number 23 44 24 42 13 48 
L\K 16 16 17 17 12 12 
da/dn 
(µm/cyc) 5.55E-5 3.92E-4 1.22E-5 4.03E-4 3.26E-6 7.26E-6 
695 1088 514 672 636 744 
771 957 522 783 525 682 
Particle 691 932 489 1120 595 712 
Count 766 875 359 536 705 784 
977 856 356 1123 770 691 
661 1062 724 1114 594 730 
3280 5140 2430 3180 3010 3520 
Particle 3640 4520 2470 3700 2480 3220 
Density 3270 4400 2310 5290 2810 3360 
(p/mm2) 3620 4140 1700 2530 3330 3710 
4620 4050 .1680 5310 3640 3270 
3120 5020 3420 52 60 2810 3450 
Mean 
Particle 3590 4540 2330 4210 3010 3420 
Density 
17 14 20 18 18 17 
Mean 17 15 20 16 20 18 
Particle 17 15 21 14 19 17 
Spacing 17 16 24 20 17 16 
(µm) 15 16 24 14 17 17 
18 14 17 14 19 17 
Average 
Mean 
Particle 17 15 21 16 18 17 
Spacing 
(µm) 
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APPENDIX V 
PARTICLE COUNT MEASUREMENTS FROM THE 
FRACTURE TOUGHNESS (WOL) SPECIMENS 
Specimen 17A 23A 24A 24B 42A 42B 
Kc 
(MPa°'1m) 18.4 22.9 21.6 22.6 21. 7 18.1 
Particle 2092 1384 1508 1280 1226 2685 
Count 1815 1440 1749 1279 1294 2559 
1629 1215 1668 1385 1663 2667 
Particle 9890 6540 7130 6050 5790 12690 
Density 8580 6810 8270 6040 6120 12090 
(p/mm2) 7700 5740 7880 6550 7860 12600 
Mean 
Particle 8720 6360 7760 6210 6590 12460 
Density 
(p/mm2) 
Mean 10 12 12 13 13 9 
Particle 11 12 11 13 13 9 
Spacing 11 13 11 12 11 9 
(µm) 
Average 
Mean 
Particle 11 13 11 13 12 9 
Spacing 
(Um) 
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APPENDIX VI 
THEORETICAL PARTICLE SPACING 
CALCULATION 
N - Number of particles 
V - Unit volume 
vp - Nominal particle volume 
fv - Volume fraction of ~articles 
-d - Mean particle spacing 
dp - Nominal particle di~meter 
number of particles per unit volume = N/v = fv/vp 
Assuming a cube of material, and cubic particles: 
d = ( V / N) 1 / 3 = ( v / f ) l / 3 = dp x ( 1 / fv) 1 / 3 
. p V 
Using dp - 9µm, and fv - 15%, then: 
a - 9 X (1/Q.15) 1 / 3 
-d - 16.9µm 
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